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Abstract
A previously described kinetic model for the Calvin cycle and ancillary pathway of starch production in the chloroplast
of C plants has been extended so that it becomes applicable under physiological conditions where there is a competition3
 .between carbon dioxide and oxygen for ribulose-1,5-bisphosphate carboxylase rubisco . The modified model is shown to
account for the observed dependencies of the rate of carbon dioxide assimilation in leaves on the concentrations of carbon
dioxide, oxygen, and rubisco. The predictions of the model are examined with particular regard to the control characteristics
of the photosynthetic process of carbohydrate formation under physiological conditions. q 1997 Elsevier Science B.V.
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1. Introduction
The Calvin photosynthesis cycle is of outstanding
importance for the economy of human communities
and for life on Earth in general. Extensive research,
therefore, has been directed towards the biological
w xregulation of this metabolic pathway 1–4 . Such
research has provided valuable information on a vari-
ety of factors that may control and ultimately limit
the cycle activity, but a deeper insight into the control
patterns that actually apply has been hampered by the
extreme kinetic complexity of the reaction system;
the Calvin cycle involves 13 enzymes acting on 16
metabolites in an intricate network of reactions, and
is dependent on input processes providing the system
with ATP and NADPH as well as on output steps
withdrawing photosynthetic products from the reac-
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tion cycle. The kinetic behaviour and regulatory
properties of such a complex system cannot be reli-
ably established by intuitive reasoning, but require
detailed analysis and characterisation by mathemati-
cal modelling.
In previous reports from our laboratory, we have
presented a realistic kinetic model of the Calvin cycle
and ancillary pathway of starch production in the
w xchloroplast of C plants 5 . The model was shown to3
account satisfactorily for the main rate characteristics
of the photosynthetic process of carbohydrate produc-
tion, as determined by experiments with isolated
chloroplasts under conditions of carbon dioxide satu-
w xration 5,6 .
In this investigation, an extension of the above
Calvin cycle model is described which renders the
model applicable at physiological concentrations of
carbon dioxide and oxygen by taking the oxygenase
activity of ribulose-1,5-phosphate carboxylase
0005-2728r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
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 .rubisco into account. The predictions of the modi-
fied model are examined for comparison with rele-
vant experimental data and to obtain information on
the control pattern governing photosynthetic carbo-
hydrate production in chloroplasts under physio-
logical conditions.
2. Theory
2.1. Basic characteristics of the examined model
Data reported in this investigation have been calcu-
lated using a modified form of the kinetic model
w xdescribed by Pettersson and Ryde–Pettersson 5 for
photosynthetic carbohydrate formation in the chloro-
plast of C plants under saturating light conditions.3
The basic model considers the 13 enzymically catal-
ysed steps of the Calvin cycle and treats stromal ATP
synthesis as a system-dependent input step. Starch
production within the chloroplast and triosephosphate
export to the cytosol are included as output processes.
Effects of cytosolic metabolites 3-phosphoglycerate,
glyceraldehyde-3-phosphate, dihydroxyacetone phos-
.phate, and inorganic phosphate on the export process
are assumed to be mediated by the phosphate translo-
cator of the chloroplast membrane. Their influence on
the Calvin cycle activity may be illustrated with the
simplifying assumptions that the cytosolic C phos-3
phates are in rapid equilibrium, and that increased
 .levels of the pool of cytosolic C phosphates C –P3 3
are associated with a corresponding decrease in con-
 . w xcentration of cytosolic orthophosphate P 6 .i
Under such conditions, the effect of external
metabolites on the chloroplastic production of carbo-
hydrates can be expressed using a single parameter u
defined by,
C yP3 ext
us , 1 .C yP q P3 iext ext
and hence describing the availability of C phos-3
phates in the cytosol.
2.2. Extension of the model
The model modification introduced in this work
concerns the interaction of rubisco with its carbo-
Scheme 1. Model reactions involving ribulosebisphosphate.
 .hydrate substrate Scheme 1 . The rate equation pre-
viously applied for the steady-state carboxylase activ-
 .ity ˝ of the enzyme referred to conditions of1
saturating carbon dioxide and did not account for the
dependence of the reaction rate on the concentrations
of carbon dioxide and oxygen. The rate equation now
w xapplied is the experimentally supported one 1,7
given by,
CO2
K CO .m 2˝ s ˝ P , 2 .  .1 1 old CO O2 21q q
K CO K O .  .m 2 m 2
 .where ˝ denotes the rate equation as originally1 old
w x  .defined 5 . The oxygenase activity ˝ of the1,ox
enzyme is assumed to conform to the relationship,
O2
˝ s˝ P , 3 .1,ox 1 t CO2
w xwhere t is the CO rO specificity constant 1 . The2 2
 .CO assimilation rate ˝ can be calculated using2 ass
the relationship,
˝ s˝ y0.5˝ yR , 4 .ass 1 1,ox d
w xwhere R denotes the ‘day respiration’ rate 1 .d
 .The values chosen for kinetic constants in Eq. 3
are K s400 mbar, K s270 mbar, tsmO2. mCO2.
w x y1  .y12360 1 and R s3 mmol h mg chlorophylld
w x 8 . The concentrations of O and CO which repre-2 2
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.sent system parameters are given as partial pressures
in the stromal solution and will be referred to as
w x w xambient for O s210 mbar and CO s300 mbar.2 2
The maximum velocities of rubisco and sedoheptu-
lose bisphosphatase are assumed to be given by,
y 1 respectively, 220 and 50 m m ol h m g
.y1chlorophyll . Unless otherwise stated, values cho-
sen for other system parameters are the experimen-
tally supported ones detailed previously by Pettersson
w xand Ryde-Pettersson 5,6 at 258C.
2.3. Modifications of flux equations
At non-saturating levels of CO , the oxygenase2
activity of rubisco will have a direct impact on the
kinetic behaviour of the system by contributing see
.Scheme 1 to the rates of ribulose-1,5-bisphosphate
 .  .RuBP consumption and 3-phosphoglycerate PGA
production. These effects have now been taken into
account by basing the model calculations on the flux
equations,
d RuBP d RuBP
s y˝ , 5 .1,ox /d t d t old
d PGA d PGA
s q˝ , 6 .1,ox /d t d t old
where the subscript ‘old’ refers to the flux equations
for RuBP and PGA as originally defined by Petters-
w xson and Ryde-Pettersson 5 .
Besides contributing to the production of 3-phos-
phoglycerate, the oxygenase activity of rubisco also
leads to the formation of 2-phospho-glycolate
 .Scheme 1 which is converted into glycolate and
subsequently formed reaction products of the glyco-
late pathway. The dephosphorylated metabolites in
this pathway do not directly affect the activity of the
Calvin cycle except that their production is pre-
sumed to be associated with the formation of stoi-
.chiometric amounts of phosphate and hence need not
be explicitly considered as variables in the calcula-
tions of the cycle activity. 2-Phosphoglycolate, in
principle, should be introduced as a new variable
because of its kinetic coupling to the cycle; it enters
the phosphate conservation equation prescribing that
there is a constant total concentration of phosphate
in the form of orthophosphate or phosphorylated
.metabolites in the modelled system. The effect of
2-phosphoglycolate in this respect will be neglected.
This is justified by evidence showing that stromal
concentrations of 2-phosphoglycolate normally are
w xvery low 9 and do not contribute significantly to the
 .total stromal phosphate concentration about 15 mM .
2.4. Determination of flux control coefficients
Flux control coefficients C ˝ describing the sensi-e
 .tivity of reaction fluxes ˝ to variations of the
 . w xconcentration e of a certain enzyme are defined 10
as,
E ln˝
˝C s , 7 .e E lne
and have been calculated by numerical differentiation
w xof the kinetic model as detailed previously 5 .
3. Results
3.1. Dependence of chloroplastic reaction fluxes on
the concentration of external orthophosphate
The model described by Pettersson and Ryde-Pet-
w xtersson 5 for photosynthetic carbohydrate produc-
tion in the chloroplast of C plants provides estimates3
of relevant steady-state stromal reaction fluxes and
metabolite concentrations as a function of various
parameters, e.g. the concentration of inorganic phos-
phate in the solution outside the chloroplast. Fig. 1
 .shows how the rate of stromal CO fixation ˝2 1
Fig. 1. Effect of external phosphate on the Calvin cycle activity.
 .CO fixation rates ˝ predicted by the model at saturating CO2 1 2
 .  .full curve and ambient levels of CO and O dotted curve .2 2
w x w xExperimental data v obtained by Flugge et al. 11 at saturating¨
CO with isolated chloroplasts are included for comparison.2
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varies with the external phosphate concentration
w x .P , according to the predictions of the modifiedi ext
model now examined. The full curve was calculated
for a CO concentration of 50 mbar and illustrates2
that the modified model accounts equally well as the
w xoriginal one 5 for the experimentally observed de-
w xpendence of ˝ on P at saturating CO levels1 i ext 2
w x11 . The dotted curve in Fig. 1 was calculated for
ambient concentrations of O and CO and differs in2 2
one main respect from the curve obtained when CO2
is saturating. The mathematical bifurcation point rep-
resenting the upper limit of the range of external
phosphate concentrations over which the reaction
system may reach a steady state is shifted from about
2 mM to about 0.2 mM.
3.2. Dependence of chloroplastic reaction fluxes on
the a˝ailability of external C phosphates3
The data in Fig. 1 refer to the kinetic behaviour of
the chloroplast in reaction media containing phos-
phate as the only metabolite interacting with the
phosphate translocator. Under physiological condi-
tions, the phosphate translocator will also interact
with C phosphates in the cytosol with consequent3
effects on the Calvin cycle activity. The latter effects
w xcan be conveniently characterised 6 in terms of the
availability of C phosphates in the cytosol, as indi-3
cated by the magnitude of the parameter u defined by
 .Eq. 1 .
Fig. 2 shows how the rates of stromal CO fixa-2
tion, starch production and C phosphate export3
Fig. 2. Effect of cytosolic metabolites on the Calvin cycle
activity. Modelled dependence of rates of CO fixation, C2 3
 .phosphate export, and starch production on the parameter u
describing the availability of C phosphates in the cytosol.3
 .counted in C equivalents vary with u at ambient1
concentrations of O and CO according to the model2 2
predictions. As might be expected from the results in
 .Fig. 1, there is a threshold value of u about 0.03
that must be exceeded before the destabilising effect
of high phosphate concentrations is counteracted by
w xthe C phosphates 6 such that the reaction system3
may operate in a steady state. Over the range us
0.03–0.7, the rates of CO fixation and starch pro-2
duction increase steadily with increasing availability
of C phosphates in the cytosol, whereas the rate of3
C phosphate export passes through a maximum at3
us0.22. When u is increased above 0.8, all the
examined reaction fluxes decrease.
3.3. Mechanistic background for the partition of re-
action flux between C phosphate export and starch3
production
Data in Fig. 2 point to a remarkable feature of the
stromal process of photosynthetic carbohydrate for-
mation under saturating light conditions. Over the
range us0.2–0.8, there is a systematic shift in
output flux from C phosphate export to starch syn-3
thesis with increasing availability of C phosphates3
in the cytosol. The quotient between the latter flux
and the former one increases by a factor of 13 from
.0.12 to 1.5 , while the rate of CO fixation remains2
essentially constant increases by a factor less than
.1.2 .
These effects on the stromal reaction fluxes obvi-
ously must be mediated by changes of the stromal
metabolite concentrations. As shown by the model
data in Fig. 3, an increased availability of C phos-3
phates in the external solution is associated with a
steadily decreasing stromal concentration of free
 .phosphate and up to uf0.9 with increasing levels
of the stromal pools of C and C phosphates.3 6
ADP-glucose pyrophosphorylase is the rate-limit-
ing enzyme in the sequence of reactions converting
the Calvin cycle intermediate fructose-6-phosphate
into starch. Deletion in the model of the kinetic term
accounting for the inhibition of this enzyme by phos-
w xphate 12 abolished the u dependent shift in output
flux from predominating C phosphate export to3
predominating starch production. Deletion of the ki-
netic term accounting for the activation of the en-
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Fig. 3. Effect of cytosolic metabolites on stromal metabolite
levels. Modelled dependence of stromal concentrations of C3
phosphates, C phosphates, and inorganic phosphate on the6
 .parameter u describing the availability of C phosphates in the3
cytosol.
w xzyme by 3-phosphoglycerate 12 had the same effect.
The shift in output flux was retained, however, fol-
lowing the deletion of the kinetic terms accounting
for the activation of ADP-glucose pyrophosphorylase
by fructose bisphosphate and fructose 6-phosphate, or
deletion of terms accounting for the inhibition of
other non-equilibrium enzymes in the system by
phosphate or various Calvin cycle intermediates.
Fig. 4. Effect of CO and O on the CO assimilation rate.2 2 2
Modelled curves compared with experimental data obtained with
w x  . w x  .leaves by Andre et al. 16 B , Evans 17 v and von
w x  .Caemmerer et al. 18 q .
These observations provide clear evidence that the
pronounced u dependent shift in output flux from C3
phosphate export to starch production derives from
the combined effects of phosphate inhibition and
3-phosphoglycerate activation of ADP-glucose pyro-
phosphorylase. The partition of the output flux is
regulated in effect by the quotient between the stro-
mal concentrations of 3-phosphoglycerate and phos-
phate, which increases about 50-fold as u increases
from 0.2 to 0.8.
3.4. Response of the CO assimilation rate to CO2 2
and O2
At high irradiances, the stromal phosphate concen-
w xtration in leaves appears to be about 5 mM 13,14 .
According to the data in Fig. 2, this corresponds to
uf0.4, i.e. to a situation where the rate of C3
phosphate export is 2.5 times as high as the rate of
 .starch synthesis Fig. 3 . Assuming that the operation
of the chloroplast in leaves at high irradiances is
characterised by us0.4, the variation of the rate of
CO assimilation was calculated as a function of the2
stromal CO concentration at a fixed oxygen concen-2
tration of 210 mbar. The results in Fig. 4 show that
the model data thus obtained account excellently for
the experimentally observed functional relationship.
w xReported effects 15–18 of variations of the O2
concentration on the CO concentration dependence2
of the assimilation rate, also, are satisfactorily de-
 .scribed by the model Fig. 4 .
Table 1 lists the calculated magnitude of the CO2
fixation flux control coefficient for rubisco at differ-
ent CO and O levels. The results confirm the2 2
Table 1
CO fixation flux control coefficient values for rubisco calcu-2
lated from the model for different levels of CO and O2 2
w x  . w x  .CO mbar O mbar2 2
20 210 400
100 0.98 0.92 0.76
200 0.86 0.72 0.54
300 0.47 0.37 0.30
600 0.21 0.20 0.18
900 0.05 0.06 0.06
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w xprevious conclusions of Woodrow and Berry 1 that
the carboxylase at high irradiances gains predominant
control of the Calvin cycle activity at low CO2
pressures and exerts little control at high CO pres-2
sures.
3.5. Response of the CO assimilation rate to the2
concentration of rubisco
w xStitt et al. 19 have presented experimental data
 .describing how the CO assimilation rate ˝ in2 ass
tobacco leaves varies with the rubisco concentration
at different CO pressures and ambient levels of O .2 2
The model predictions with regard to such experi-
ments were examined with the assumption that us
 .0.4 and using the maximum velocity V of rubisco1
as a measure of its concentration. The results in Fig.
5 refer to ambient levels of CO and high irradi-2
.ances . They show that the experimental data ob-
tained by Stitt et al. under such conditions see Fig.
 . w x.1 A in 19 are most satisfactorily fitted by the
model with the assumption that the reported mean
wild-type rubisco concentration corresponds to the
 y1 y1 .value 220 mmol h mg chlorophyll now as-
sumed to represent the physiological maximum ve-
 .locity of rubisco. The CO assimilation or fixation2
flux control coefficient for rubisco at this assumed
Fig. 5. Effect of rubisco concentration on the CO assimilation2
rate. Modelled dependence of the assimilation rate on the maxi-
 .  .mum activity V of rubisco at ambient levels of CO 300 mbar1 2
 .and O 210mbar . The dashed line indicates the assumed2
physiological rubisco activity. The dotted curve shows the varia-
tion with V of the CO fixation flux control coefficient for1 2
rubisco.
Fig. 6. Effect of rubisco concentration on the CO assimilation2
rate. Modelled dependence of the assimilation rate on the maxi-
 .mum activity V of rubisco at 210mbar O and the indicated1 2
levels of CO . The dashed line indicates the assumed physio-2
logical rubisco activity.
physiological control point is 0.37 according to the
model predictions.
As indicated by the dotted line in Fig. 5, the flux
control coefficient responds strongly to changes of
the enzyme concentration around the assumed
physiological control point. This explains why Stitt et
w xal. 19 arrived at a control coefficient estimate of
about 0.7, as calculated from the slope of the ˝ass
w xversus rubisco profile in the region indicated by the
arrow in Fig. 5.
Fig. 6 illustrates that the model also provides a
satisfactory description of the main features of the
effects of variations of the CO level on the ˝2 ass
versus enzyme concentration profile reported by Stitt
w xet al. 19 . Calculations of the flux control coefficient
for rubisco at the assumed physiological control point
w xconfirmed the conclusion of Stitt et al. 19 that
rubisco exerts predominant control at values lower
than that of the ambient CO levels, but loses control2
when the CO concentration becomes saturated.2
3.6. Distribution of the control exerted by enzymes
Fig. 7 shows how the control of the rate of CO2
fixation at ambient concentrations of O and CO is2 2
distributed among the non-equilibrium Calvin cycle
enzymes and ATP synthase for different values of the
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Fig. 7. Distribution of control among the non-equilibrium Calvin
cycle enzymes. Modelled dependence on the parameter u of the
 .CO fixation flux control coefficient for a fructose bisphos-2
 .  .phatase, b ATP synthethase, c sedoheptulose bisphosphatase,
 .  .d ribulosephosphate kinase and e rubisco.
parameter u describing the availability of triosephos-
phates in the cytosol.
4. Discussion
4.1. Descripti˝e ˝alidity of the examined model
When performing control analysis by the mod-
elling approach, it is of crucial importance to estab-
lish that the model chosen is of descriptive validity;
models failing to account for experimentally ob-
served reaction fluxes are also likely to provide unre-
liable estimates of the control data such as flux
control coefficients. Although several models of pho-
tosynthetic carbohydrate production have been de-
w xscribed 7,20–23 , the one presented by Pettersson
w xand Ryde-Pettersson 5 is exceptional in the above
respect. It is the only model that has been docu-
mented to account quantitatively for the experimen-
tally observed rate data relating to effects of external
metabolites on the Calvin cycle activity and rate of
w xstarch production in isolated chloroplasts 5,6 .
Results in Fig. 1 illustrate that the extended model
now presented with its slightly modified parameter
.values accounts as well as the original one for
experimental flux data obtained with isolated chloro-
plasts under conditions of CO saturation. The ex-2
tended model also provides a most satisfactory de-
scription of the main characteristics of the depen-
dence of CO fixation or assimilation rates on the2
 .concentrations of CO , O , and rubisco Figs. 4–6 ,2 2
as determined in experiments with intact leaves of C3
plants. This lends credence to the model and renders
it as a useful tool for the interpretation of experimen-
tal data and for control analyses of the modelled
system.
It may be mentioned in this context that the ex-
tended model now presented is based on the rate
 .equation Eq. 2 derived by Farquhar and von Caem-
w xmerer 7 for rubisco catalysis and applied by them
and others for the interpretation of the experimentally
observed CO fixation rates. The present model of-2
 .  .fers no advantages over reduces to Eq. 2 under
conditions where rubisco exerts close to exclusive
 .control. Under other e.g. physiological conditions,
 .Eq. 2 does not account well for the rate behaviour
of the Calvin cycle, whereas the present model does
 .  .Figs. 4–6 . Eq. 2 may be used to define under
what conditions rubisco does, or does not, exert
predominant control of the Calvin cycle activity, but
it fails to provide information on what enzymes gain
control when rubisco loses it.
4.2. Implications of the descripti˝e ˝alidity of the
examined model
The satisfactory agreement between model predic-
tions and experimental observations in Figs. 1 and
4–6 is remarkable, considering the simplicity of the
model in comparison to the complexity of a metabolic
entity such as a photosynthesising leaf. Obviously,
mechanistic events considered in the model are suffi-
cient to account for the main characteristics of the
CO assimilation process in leaves in the examined2
fundamental respects. In particular, there is no reason
to believe that metabolite channelling between pro-
w xducing and consuming enzymes 24 provides any
significant contributions to the rate behaviour of the
system.
Furthermore, relevant values seem to have been
assigned to kinetic constants and other system param-
eters. This is of interest to note, because the useful-
ness of the modelling approach for control analysis
w xhas been questioned 10 on the ground that one does
not know if kinetic constants determined for enzymes
in vitro are representative for the in vivo action of the
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enzymes. There is, obviously, little reason to question
the biological relevance of the kinetic in vitro data
used in the model now considered.
4.3. Feedback regulation of the partition of output
flux
It has been recognised since long that photosyn-
thetic carbohydrate formation in the chloroplast is
subjected to some kind of feedback regulation by
products accumulating in the cytosol. As pointed out
w xby Woodrow and Berry 1 , there is also a consider-
able amount of evidence that such feedback has little
effect on the rate of CO fixation, but exerts its2
greatest effect on the partition of assimilate between
C phosphate export to the cytosol and starch produc-3
tion within the chloroplast.
In this investigation, particular care has been taken
to examine how the photosynthetic production of
carbohydrates is affected by the cytosolic balance
between phosphate and C phosphates, as indicated3
 .by the parameter u defined in Eq. 1 . The results in
Figs. 2 and 3 provide clear evidence for the existence
of a feedback regulation of the photosynthetic output
fluxes which is based simply on this balance. When
there is a deficiency of C phosphates in the cytosol3
 .e.g. after a long dark period , assimilate output from
the Calvin cycle is predominantly in the form of C3
phosphate export. When the cytosolic levels of C3
phosphates are raised e.g. as a consequence of as-
.similate export , output flux is shifted towards starch
production.
Data in Figs. 2 and 3 are consistent with the notion
that the above feedback regulation is mediated by the
interaction of cytosolic phosphate and C phosphates3
with the phosphate translocator of the chloroplast
membrane the only potential feedback mechanism
.considered in the model and by consequent effects
on the stromal balance between phosphate and sugar
w xphosphates 1–4 . The model tests performed now
provide clear evidence that the shift in output flux is
attributable primarily to the combined effects of stro-
mal phosphate and 3-phosphoglycerate on the activity
of ADP-glucose pyrophosphorylase.
4.4. Feedback regulation of the CO fixation rate2
While the modelled partition of output flux from
the Calvin cycle is subjected to strong cytosolic
feedback regulation, the rate of CO fixation remains2
remarkably insensitive to variations of the cytosolic
 .and stromal levels of phosphate and C phosphates3
 .over a wide range of values 0.2–0.8 of the parame-
 .ter u Fig. 2 . This rate behaviour of the reaction
system is consistent with that observed experimen-
w xtally 1 and makes sense from a physiological point
of view. It ensures that the carbohydrate producing
capacity of the Calvin cycle may be fully utilised
irrespective of the metabolic status of the cell cytosol.
When there is a low physiological demand for C3
phosphate export to the cytosol, the surplus capacity
of the Calvin cycle will be utilised for storage pur-
poses.
According to the data in Fig. 2, the CO fixation2
rate starts decreasing when the availability of C3
phosphates in the cytosol becomes very large u)
.  .0.9 , i.e. when the cytosolic and stromal phosphate
 .concentration becomes very low less than 1 mM .
This modelled state of the reaction system appears to
be related to that of ‘feedback limited photosynthe-
sis’ which can be artificially induced in experiments
with leaves and which is characterised by low cytoso-
lic phosphate concentrations and by assimilation rates
that are insensitive to variations of the O concentra-2
w xtion 1,14 . Data in Fig. 7 indicate that the O insen-2
sitivity of the assimilation rate can be explained in
terms of a shift of main control from rubisco to other
enzymes. If an enzyme does not exert significant
control of a reaction flux, modulation of the enzyme
activity by changes of the concentration of its sub-
strates will have no significant effect on the reaction
flux.
It should be emphasised, however, that the model
data obtained for u)0.9 have to be interpreted with
great caution. The corresponding modelled conditions
are so extreme that their physiological relevance and
the validity of assumptions on which the model is
.based becomes questionable. Similar considerations
may apply for the region u-0.1, and certainly do
when u becomes lower than 0.03.
4.5. Control exerted by rubisco
Discussions of the control of the Calvin photo-
synthesis cycle usually have focused on the actual
step of CO fixation and on the cycle enzyme2
( )G. PetterssonrBiochimica et Biophysica Acta 1322 1997 173–182 181
 .rubisco which catalyses this step. Data in Table 1,
Figs. 4 and 5 corroborate previous conclusions that
rubisco gains predominant control at values signifi-
cantly lower than ambient concentrations of CO , or2
of rubisco, and data in Fig. 6 confirm that rubisco
loses control at saturating CO concentrations2
w x1,5,19 . These observations are trivial in the sense
that they are consistent with what might be expected
on theoretical grounds. It is of greater interest to note
from the data in Fig. 5 that the control exerted by
 .rubisco under favourable high irradiances physio-
logical conditions ambient levels of O , CO , and2 2
.cycle enzymes neither is insignificant, nor predomi-
nant. The CO fixation flux control coefficient value2
 .about 0.4 now calculated for rubisco under such
conditions might seem to be inconsistent with the
 .experimental estimate about 0.7 reported by Stitt et
w xal. 19 . The latter value, however, was calculated by
w xa method providing biased estimates 25 and actually
corresponds well to an unbiased value of about 0.4
relating to a control point corresponding to the mean
‘natural’concentration of rubisco.
It should be emphasised in this context that the
precise magnitude of the CO fixation flux control2
coefficient for rubisco under assumed ‘natural’ condi-
tions may not be too important to establish. As
w xindicated by the report of Stitt et al. 19 , the natural
concentration of rubisco in tobacco leaves may range
from 60 to 115% of the mean value. According to the
data in Fig. 4, this could correspond to a natural
variation of the flux control coefficient from 0.15 to
0.95. The main conclusion supported by the present
results is that the control exerted by rubisco at high
irradiances and ambient levels of CO and O is2 2
normally pronounced, but not exclusive. Under cer-
tain physiological conditions e.g. after dark periods
when the u value would be expected to fall within
.the range 0.1–0.2 , control strengths of other cycle
enzymes may be similar to or greater than that of
 .rubisco Fig. 7 .
5. Conclusions
The model described in this investigation has been
derived with the restricted aim of accounting for the
observed rates of CO fixation and starch production2
in chloroplasts under saturating light conditions, and
of explaining observed responses of these reaction
fluxes to the composition of the solution surrounding
the chloroplast. The observation that the model actu-
ally provides a satisfactory description of experimen-
tal flux data obtained with leaves is encouraging. It
shows that we have now reached a stage where strict
enzyme kinetic modelling may be used for detailed
description and analysis of main features of complex
metabolic events in whole-tissue systems.
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